Abstract. Background/Aims: The role of statins in preventing cardiovascular outcomes in patients with chronic kidney disease (CKD) is unclear. This paper compares cardiovascular outcomes with pravastatin vs. usual care, stratified by baseline estimated glomerular filtration rate (eGFR). Methods: Post-hoc analyses of a prospective randomized open-label clinical trial; 10,151 participants in the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (lipid-lowering component) were randomized to pravastatin 40 mg/day or usual care. Mean follow-up was 4.8 years.
Introduction
It is estimated that more than 20 million Americans have chronic kidney disease (CKD) [1] ; it is well established that CKD is associated with a higher cardiovascular disease (CVD) risk [2] . Given the proven efficacy of statins in primary and secondary CVD prevention in the general population, use of statin therapy in patients with CKD appears rational. However, studies evaluating the efficacy of statin therapy in preventing cardiovascular outcomes have typically excluded patients with significantly impaired renal function, though the criteria used for exclusion have varied. In addition, it is thought that "nontraditional" risk factors such as anemia and vascular calcification may contribute to CVD risk in CKD [3] . A recent meta-analysis concluded that statins significantly reduce lipid concentrations and cardiovascular outcomes in patients with pre-dialysis CKD, but failed to improve all-cause mortality [4] . In fact, this paper highlighted the lack of good quality data in this area. Prospective clinical trials in patients with end-stage renal disease (ESRD) have shown no benefits of statin therapy in improving cardiovascular outcomes [5, 6] ; however, the combination of ezetimibe 10 mg daily and simvastatin 20 mg daily has been shown to reduce the incidence of major atherosclerotic events in a wide range of patients with advanced CKD [7] . Therefore, whether statin therapy in CKD patients with modest dyslipidemias reduces risk of CVD outcomes remains uncertain. Treatment guidelines from leading authorities also vary; some recommend that cholesterol concentrations be lowered in CKD [8] , while others await additional data [9, 10].
The lipid-lowering component of the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT-LLT) examined whether pravastatin compared with usual care reduced mortality in older, moderately hypercholesterolemic, hypertensive participants with at least one additional risk factor for coronary heart disease (CHD) [11] . Previously published results showed no significant difference in all-cause mortality or CHD events (nonfatal myocardial infarction or fatal CHD combined) [11] , or progression to ESRD and other clinical renal outcomes between pravastatin and the usual-care group [12] . The modest differential in total cholesterol and LDL-cholesterol between pravastatin and usual care compared with prior statin trials supporting CVD prevention may have contributed to these results based on the traditional intent-to-treat analyses.
This paper reports post-hoc analyses of the effects of pravastatin therapy compared to usual care on cardiovascular outcomes stratified by baseline estimated glomerular filtration rate (eGFR). We also evaluated associations between achieved reduction of total cholesterol levels and subsequent cardiovascular outcomes, and report exploratory analyses of participants taking statin therapy vs. those who were not in "as-treated" analyses in addition to conventional intent-to-treat analyses.
Methods
ALLHAT adhered to the Declaration of Helsinki and obtained written informed consent. The design and conduct of the ALLHAT-LLT have been reported previously [11, 12] . ALLHAT-LLT was a randomized, non-blinded, large multi-center trial conducted from were drawn from ALLHAT, a 4-armed antihypertensive trial in which a calcium channel blocker (amlodipine), an angiotensinconverting enzyme-inhibitor (lisinopril), and an α-adrenergic blocking agent (doxazosin) were each compared with a thiazide-like diuretic (chlorthalidone). Eligibility criteria for the ALLHAT-LLT included prior enrollment in ALLHAT (age ≥ 55 years and Stage 1 or 2 hypertension according to the Sixth Joint National Committee for Treatment of Hypertension (JNC-6) with at least 1 additional CHD risk factor) and fasting LDL-cholesterol level of 120 -189 mg/dl (3.1 -4.9 mmol/l) for those with no known CHD or 100 -129 mg/ dl (2.6 -3.3 mmol/l) for those with known CHD. Participants were excluded for: fasting triglyceride levels ≥ 350 mg/dl (3.9 mmol/l), currently prescribed lipid-lowering agents or large doses (≥ 500 mg/day) of nonprescription niacin; significant liver dysfunction (serum alanine aminotransferase (ALT) > 100 IU/l); other contraindications for statin therapy; or known intolerance to statins or secondary cause of hyperlipidemia. Follow-up visits coincided with ALLHAT parent trial visits at 3, 6, 9, and 12 months following randomization and every 4 months thereafter. A fasting lipid profile was obtained for all ALLHAT-LLT participants at LLT baseline, and during follow-up in randomly pre-selected samples of usual-care (5%) and pravastatin (10%) participants. All ALLHAT-LLT participants were advised to follow the National Cholesterol Education Program Step I diet. The usual-care group was treated according to the discretion of their primary care physicians; pravastatin use in the usual-care group was discouraged.
Serial determinations of serum creatinine and total cholesterol were obtained in a single central laboratory. All baseline data refer to ALLHAT-LLT randomization date. A fasting blood sample was obtained from participants and shipped to a single central laboratory for biochemistry analysis, including measurements of total cholesterol (TC), HDL-C and triglycerides (TG). LDL-C was calculated according to the Friedewald formula: LDL-C = TC -HDL-C -1/5 TG. Serum creatinine was measured using the Ortho Clinical Diagnostics Vitros Chemistry System (Rochester, NY, USA). The simplified Modification of Diet in Renal Disease (MDRD) study equation was used to estimate GFR according to the formula: (186.3 × serum creatinine -1.154 × age in years -0.203 × 1.212 (if black) × 0.742 (if female)) [13] . Analyses were repeated using the CKD-Epi equation [14] , and the Mayo quadratic [15] . Patients were classified into baseline eGFR (ml/min/1.73 m 2 ) strata: mild reduction, normal or increased (≥ 60), and moderate-severe reduction (< 60) [16] .
The following pre-specified clinical outcomes were assessed: all-cause mortality, a composite of fatal CHD or nonfatal myocardial infarction (MI) (CHD events), combined CVD defined as a composite of the primary outcome, coronary revascularization, hospitalized or otherwise treated angina, stroke, heart failure (fatal, hospitalized or treated without hospitalization) and peripheral arterial disease. Study outcomes were defined in the ALLHAT Manual of Operations, were assessed by site investigators at follow-up visits, and were reported to the ALLHAT Clinical Trials Center (CTC). Medical reviewers from the CTC reviewed all events for concordance with study criteria. More detailed information was collected on a random (10%) subset of CHD and stroke events and was reviewed by the endpoints subcommittee to validate physician diagnoses. For analyses of all-cause mortality, participants who were classified as dead pending confirmation (suspected but unconfirmed deaths), lost to follow-up or refused were classified as withdrawn alive as of their date last known alive. For analyses of CHD and combined CVD, all participants without such events were classified as withdrawn without the event as of their last clinic visit. Data were analyzed according to participants' randomized treatment assignments regardless of their subsequent medications (intent-to-treat analysis). Baseline characteristics were compared across treatment and baseline eGFR groups using the t-test for continuous covariates and contingency table analyses for categorical data. The Cox proportional hazards model was used to obtain hazard ratios and 95% confidence intervals (CIs) for the *Derived from the application of the MDRD study equation based on serum creatinine, age, race and sex. a p < 0.05, comparison between pravastatin and usual care.
b For trial eligibility, participants had to have at least 1 other risk factor in addition to hypertension. Thus, the indicated risk factors are not mutually exclusive or exhaustive and may not represent prevalence. Comparison between treatment groups: *p < 0.05; **p < 0.001. GFR = glomerular filtration rate.
clinical outcomes described above. Tests for differences in treatment effects across eGFR groups were performed by calculating the differences in the log likelihoods for models with and without interaction terms. Given the many analyses performed, statistical significance at the 0.05 level should be interpreted with caution. "As-treated" analyses were obtained by introducing a "statin treatment" indicator variable as a time-varying covariate into the Cox regression analysis; the resulting adjusted hazard ratios could then be interpreted as to the effect and directionality of treatment crossovers. Due to the relatively high crossover rate, the purpose of these exploratory analyses was to compare participants who were actually taking pravastatin vs. those who were not, in contrast to the traditional intent-to-treat analyses, which compare randomized groups.
Results
A description of randomization and follow-up of 10,151 ALLHAT-LLT participants is shown in Figure 1 . At baseline, 8,589 participants (84.6%) had mild reduction, normal, or increased eGFR and 1,562 (15.4%) had moderate or severe reduction in eGFR. There were no differences in the baseline characteristics of participants randomized to pravastatin compared with usual care, except for ethnicity (more Black non-Hispanic participants in the pravastatin group, and more white Hispanic participants in the usual-care group) and history of CHD (more in usual care) at baseline in the patients with moderate-to-severe reduction in eGFR ( Table 1) .
The mean duration of follow-up was 4.8 years. Adherence to statin therapy in those randomized to pravastatin was 89.8% at Year 2, 86.4% at Year 4, to 87.0% at Year 6. Statin use in participants assigned to usualcare increased from 8.2% at Year 2, to 23.5% by Year 6 [11]. These patterns were consistent across the baseline eGFR strata (Table 2) .
Total cholesterol levels declined by 20.7% in the pravastatin group and 11.2% in the usual-care group with resultant Year 6 total cholesterol levels of 176.2 mg/dl and 196.6 mg/dl, respectively. The changes and differential in total cholesterol between the pravastatin and usual-care groups followed a similar pattern in both eGFR subgroups (Table 2) . During the follow-up period, LDL, HDL and triglyceride measurements were available only in a small subset of patients (5% of usual care and 10% of pravastatin). LDL-cholesterol levels declined by 30.2% in the pravastatin group and 15.1% in the usualcare group with resultant Year 6 LDL-cholesterol levels of 103.1 and 121.4 respectively (p < 0.05). There were no statistically significant differences between the pravastatin and usual-care groups with regard to change in HDL-cholesterol or triglyceride between baseline and Year 6. Changes in lipid profiles in eGFR strata were consistent with the overall population, though numbers in individual strata with lipid measures in follow-up were small ( Table 2) .
Use of ACE-inhibitors (per antihypertensive treatment trial randomized assignment and open label) was slightly more common in the usual-care group than the pravastatin group at Year 2 (6.2% vs. 4.6% p = 0.002), but not at Year 4 (11.3% vs. 10.9%, p = 0.6) or Year 6 (17.2% vs. 18.6%, p = 0.4). There were no statistically significant differences in systolic blood pressure (SBP) and diastolic blood pressure (DBP) at baseline, 2, 4 or 6 years in the total group (except at 2 years for total), or stratified by baseline eGFR, between the usual-care and pravastatin groups. At 2 years, the mean SBPs were 136.8 and 136.0 in the pravastatin and usual-care groups, respectively (p = 0.03).
Clinical outcomes
There were no statistically significant differences between pravastatin and usual care in 6-year rates of total mortality (15.7 vs. 15.8 per 100, hazard ratio (HR) 1.01, 95% CI 0.91 -1.13, p = 0.82) or CHD events (9.4 vs. 10.7 per 100, p = 0.11, HR 0.91, 95% CI 0.79 -1.05, p = 0.20). These overall study findings were similar in both eGFR strata. The p-values for treatment group by eGFR interaction were non-significant for both outcomes (Figure 2, 3 ).
There were also no statistically significant differences between pravastatin and usual care in 6-year rates of combined CVD (27.2 vs. 29.0 per 100, HR 0.97, 95% CI 0.89 -1.05, p = 0.43). There were no significant treatment group differences for combined CVD in the baseline eGFR categories (Figure 3) .
Outcome analyses were repeated with an alternate eGFR stratification (< 45, 45 -59, and 60+ ml/min). In the eGFR < 45 strata 166 participants were assigned to pravastatin (mean eGFR 37.8 ml/min) and 157 participants were assigned to usual care (mean eGFR 37 ml/min); there were no significant differences between pravastatin and usual care with regard to total mortality (HR = 0.84 (0.57 -1. with alternate equations to estimate GFR (the CKD Epi and the Mayo quadratic equations); results were qualitatively similar in the subgroup of participants with eGFR < 60 using these alternate equations (data in online appendix).
Among participants with diabetes, there were no differences in treatment group effects across eGFR strata for all-cause mortality or for CHD. For combined CVD, the hazard ratio for diabetic participants with eGFR < 60 (pravastatin/usual care) was 1.42 (95% CI 1.05 -1.90, p = 0.02), and the hazard ratio for diabetic participants with eGFR ≥ 60 was 0.98 (95% CI 0.85 -1.02, p = 0.76), p for interaction = 0.03. Hazard ratios (pravastatin/usual care) were consistent across eGFR strata (data not presented). Given the relatively high crossover rate, exploratory analyses were performed using "as-treated" analyses comparing participants who were actually taking pravastatin vs. others (as defined above). All-cause mortality (HR = 0.76 (0.68 -0.85), p = < 0.001) and CHD (HR = 0.84 (0.73 -0.97), p = 0.01) were significantly lower in the pravastatin group compared to usual care in the as-treated analyses. There were no statistically significant differences between pravastatin and usual care in the as-treated analyses for combined CVD events (Table 3) . While in the subgroup of patients with eGFR < 60 there was a significant difference between the pravastatin and usual-care groups for all-cause mortality in the as-treated analyses (HR = 0.78 (0.69 -0.88), p < 0.001), there was no significant outcome by treatment by GFR interactions. The results for all-cause mortality were consistent when analyses were adjusted for baseline characteristics and time-varying covariates, including achieved cholesterol levels (Table 3) . For CHD, the adjusted analyses, which included time-varying cholesterol levels, were not significant for either of the eGFR subgroups or for the combined subgroups. For combined CVD, the adjusted results in the subgroups were consistent with the unadjusted analyses, except that there was a significant eGFR group by treatment interaction (p = 0.03), with the HR for the eGFR group ≥ 60 being 0.95 (0.85 -1.03, p = 0.17) and for the eGFR group < 60 being 1.18 (0.98 -1.43, p = 0.08).
We also evaluated the association between the observed reduction in total cholesterol between baseline and Year 2, with subsequent cardiovascular endpoints in the entire cohort. A 10 mg/dl reduction in total cholesterol was associated with a 5% re- CHD = coronary heart disease; CI = confidence interval; CVD = cardiovascular disease; GFR = glomerular filtration rate; HR = hazard ratio. *Lipid trial baseline variables: age, gender, aspirin use, history of coronary heart disease, diabetes, antihypertensive treatment group, body mass index, Black, and time-varying covariates (systolic blood pressure, diastolic blood pressure and total cholesterol); **p for eGFR × treatment group interaction = 0.03.
duction in risk of CHD events (HR = 0.95 (0.92 -98), p = 0.001); the interaction term between eGFR group and change in cholesterol was not statistically significant, suggesting that the overall value was the appropriate measure of effect in the subgroups.
There was no association with total mortality or combined CVD; these results were consistent across eGFR strata (Table 4) .
Discussion
Intent-to-treat analyses of our data showed no beneficial effect of pravastatin therapy over usual care with regard to total mortality or CHD outcomes regardless of baseline eGFR. The total and LDL-cholesterol differential between the randomized groups was relatively small compared to other large lipid-lowering studies, perhaps related to the "drop in" use of statins by participants assigned to usual care. Exploratory "as-treated" analyses, to be interpreted with caution, suggest a benefit for mortality and CHD risk in participants on treatment with pravastatin, and a reduction in CHD events associated with achieved reduction in total cholesterol levels.
The beneficial effects of statin therapy in both primary and secondary CVD prevention in the general population are well established. However, it is unclear whether the cardiovascular benefits of statin therapy that are observed in the general population extend to the CKD population [17] . This may relate, in part, to the distinct pathophysiology of CVD in CKD with "non-traditional" risk factors such as anemia; accumulation of advanced glycation end-products and calcium-phosphorus abnormalities thought to contribute to CVD risk; and the altered lipid profile associated with CKD [17] .
To date, few studies have evaluated the effect of statin therapy on cardiovascular outcomes and total mortality in pre-dialysis CKD; most large lipid-lowering studies systematically excluded patients with renal insufficiency. In the Pravastatin Pooling Project, a combined patient-level (n = 4,491 and GFR 30 -60 ml/min/1.73 m 2 ) analysis from 3 randomized trials, pravastatin therapy was associated with a decreased risk for major coronary events compared to placebo [18, 19] . In a recent meta-analyses, fatal (RR = 0.81 (0.73 -0.90)) and non-fatal cardiovascular events (RR = 0.78 (0.73 -0.84)) were reduced with statins, but without a significant effect on all-cause mortality (RR = 0.92 (0.82 -1.03)) [4] . In addition, meta-regression analysis showed that treatment effects did not vary significantly with stage of CKD. In the Prevention of Renal and Vascular End-Stage Disease Intervention Trial (PREVEND IT) in-patients with microalbuminuria, 4 years of treatment with pravastatin did not result in a significant reduction in cardiovascular events (RR = 0.87 (0.49 -1.57); p = 0.65) [20] . In diabetic [5] and non-diabetic patients [6] on dialysis, treatment with statin therapy has not been shown to improve cardiovascular outcomes. However, results from the Study of Heart and Renal Protection (SHARP) study indicate that a combination of ezetimibe and simvastatin is associated with a reduction in cardiovascular events compared to usual care in patients with CKD [7] .
The achieved LDL-cholesterol in the patients in the moderate-to-severe reduction in eGFR group in the ALLHAT-LLT (103 mg/ dl at Year 2) was similar to the achieved LDL-cholesterol in a similar population in the Pravastatin Pooling Project (103.9 mg/ dl at Year 1) [18] . However, the ALLHAT- Table 4 . Association of 2-year decrease in total cholesterol with subsequent endpoint risk by GFR group in study population, unadjusted.
GFR at baseline
Hazard ratio of 2-year decrease in total cholesterol, per 10 mg/dl cholesterol HR 95% C.I. *p <0.05. CHD = coronary heart disease; CI = confidence interval; CVD = cardiovascular disease; GFR = glomerular filtration rate; HR = hazard ratio.
LLT usual-care group had a decline in LDLcholesterol resulting in a net difference of 30 mg/dl at Year 2, compared to a difference between pravastatin and placebo of 47 mg/ dl at Year 1 in the Pravastatin Pooling Project. The smaller difference in LDL-cholesterol may have contributed to the lack of significant benefit seen with statin therapy in our study. It is also possible that levels of LDL-and total cholesterol achieved in the ALLHAT-LLT are still too high for CKD patients. Whether more aggressive lipidlowering would result in improved cardiovascular outcomes in these patients remains to be seen. This is supported by our analyses showing that Year 2 reduction in total cholesterol was associated with a lower risk of subsequent CHD. Similarly, the "as-treated" analyses show a reduction in mortality and CHD risk in participants on treatment with pravastatin, supporting a possibility that the observed lack of benefit was a result of crossovers and resulting failure to achieve sufficient difference across treatment groups (the importance of adherence with statin therapy). However, observational analyses of achieved cholesterol reduction, and "astreated" analyses are not randomized, and may be limited by patient characteristics and other biases. These limitations notwithstanding, these findings support the concept that protocol adherence and achieved reductions in cholesterol levels influence the cardiovascular benefits from statin therapy.
Our study has several strengths. With more than 1,500 patients with moderately or severely reduced eGFR, this is one of the largest individual studies of statins in patients with renal disease. The 4.8-year mean duration of follow-up is longer than many smaller studies. The methodological rigor of the study with careful event ascertainment and minimal loss to follow-up enhances the credibility of the study.
There are, however, important limitations to our analyses. Since proteinuria data are not available in ALLHAT participants, we cannot assess the role of proteinuria as a predictor of response to statin therapy. These analyses are post hoc, and therefore should be hypothesis generating, and will await confirmation in other clinical trials. The total and LDL-cholesterol differential between the randomized groups was relatively small compared to other large lipid-lowering studies, perhaps related to statin use by participants assigned to usual care and did not achieve the 30 -40% reduction in LDLcholesterol recommended in current lipid guidelines [21] . This may limit the power to detect differences between the two groups. It remains to be seen whether other statins, with greater potency in lipid-lowering than pravastatin, have greater impact on clinical outcomes in this population. For example, recent data suggest that in diabetic patients with CKD and known coronary artery disease, atorvastatin 80 mg was more effective than 10 mg (achieved LDL 79 vs. 99 mg/dl) in reducing risk of CVD [22] .
Finally, while the as-treated analyses are informative, it is important to note the benefits of randomization are lost in such an analysis, and there may be differences between participants taking pravastatin vs. those who were not that may contribute to differences in outcome. Other factors may have a bearing on the interpretation of our findings. The mean eGFR at baseline in patients in the moderate-severe group (51 ml/min/1.73 m 2 ) was higher than in studies that have shown a beneficial effect of statin therapy (most marked in the < 40 ml/min/1.73 m 2 group in CARE) [23] . However, results in the subset of participants with eGFR < 45 ml/min, albeit a smaller group, did not suggest improved outcomes with pravastatin. This paper has important clinical implications. The burden of cardiovascular disease remains high in patients with CKD, and opportunities for intervention to reduce this risk are low. In the context of the results of the SHARP trial, our data support the use of lipid-lowering therapy in patients with CKD to lower cardiovascular risk.
In summary, this post-hoc analysis of ALLHAT-LLT demonstrates that in hypertensive patients with moderate dyslipidemia, randomization to pravastatin was not superior to usual care in preventing total mortality, or CHD events independent of baseline eGFR level; however, potential benefit from statin therapy may depend on degree of reduction achieved in total and LDL-cholesterol and adherence to therapy.
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